Purpose of Review To review literature published in the last 3 years related to minimally invasive approaches to calcaneal fracture fixation. Recent Findings Numerous randomized control trials, cohort studies, and meta-analyses have been done in the last 3 years comparing surgical treatment of calcaneus fractures. These studies indicate minimally invasive procedures decrease wound complication rates and achieve similar radiographic and clinical outcomes to open reduction internal fixation. In comparing different surgical treatment methods to non-operative treatment, operative management has increased complication rates but may lead to better functional outcomes in certain patient populations. Summary Optimal treatment for displaced intra-articular calcaneus fractures continues to be debated. Current literature would suggest that the decision to operate be based on patient and fracture characteristics and surgeon capabilities. Minimally invasive techniques aim to improve patient reported outcomes and quality of life while decreasing complications and offer another option for surgeons in the treatment of displaced intra-articular calcaneal fractures.
Introduction
Calcaneal fractures account for 2% of all fractures with approximately 65-75% intra-articular [1, 2] . These are lifealtering injuries that frequently result in chronic pain and disability. When evaluating the health-related quality of life (HRQoL) of patients after calcaneal fracture, studies from Canada, Sweden, Switzerland, and the Netherlands have all found a statistically significant lower HRQoL in calcaneal fracture patients vs the reference population [3] [4] [5] [6] . In the Dutch study, this was regardless of patient age, educational status, severity of fracture, and treatment modality. It also did not matter if the injury was isolated, bilateral, or in a polytraumatized patient. Additionally, female patients, those with medical comorbidities and psychiatric conditions, had worse HRQoL scores [6] .
Even though there is no way to make patients "normal" after a calcaneus fracture, different treatments have been developed to try to make patients "better." There is no current treatment strategy for displaced intra-articular calcaneus fractures (DIACFs) that is without complication. Non-operative treatment can be associated with malunion, peroneal tendon dysfunction, post-traumatic arthrosis, ankle and heel pain, and exostoses. Operative treatment carries the risk of similar complications with the addition of pain due to retained hardware and infection, both superficial and deep [7] . Post-operative complications, specifically infection, decrease patient satisfaction and potentially functional outcome [8] .
Deciding between non-operative and operative intervention remains controversial. Two prospective, randomized, controlled multicenter trials comparing open reduction internal fixation (ORIF) vs non-operative management in DIACFs have resulted in conflicting recommendations. Buckley found that the following groups would benefit from operative intervention: women, males under 30 years, non-worker's compensation, light-duty workers, those with a Bohler's angle between 0°and 14°, simple displaced fractures (Sanders II), and those with large initial joint line step off [9] . These same findings have been corroborated in recent reviews [10] .
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However, the UK Heel Fracture Trial found that there was no benefit to surgery when compared to non-operative management in their subgroup analysis for Sanders II-IV fractures and when comparing male and female patients [11] . Long-term studies also have conflicting results. A 12-year follow-up by Agren found that there was a trend toward improved outcomes and a reduced prevalence of posttraumatic arthritis with operative intervention [12] . Ibrahim found that at 15-year followup, there was no difference in functional or radiographic outcomes between the two groups [13] . Therefore, it is unclear which treatment leads to the best patient-centered outcomes. Most experts suggest there is no one size fits all answer. The best treatment is determined by considering factors related to the patient, soft tissues, and fracture [10] . In an effort to improve patient outcomes by restoring more normal calcaneal anatomy while decreasing the wound complications seen in ORIF, minimally invasive (MI) operative techniques have evolved.
Indications
Non-operative management is indicated in fractures that are nondisplaced or have less than a 2-mm articular step off. The overall height, length, and width of the calcaneus should be preserved, and there should be no varus or valgus malalignment of the hindfoot [10] . If operative intervention is decided upon, surgical techniques include percutaneous reduction (PR) and fixation, sinus tarsi approach (STA), and ORIF via an extensile lateral approach (ELA). The primary indications for minimally invasive techniques include displaced Essex-Lopresti fractures, Sanders type II fractures, Sanders type III fractures in patients with comorbidities, and fracture variants with minimal posterior facet fragmentation. Relative indications include patients with comorbidities of diabetes, obesity, peripheral vascular disease, smokers, and those with soft tissue compromise [14] . If a minimally invasive technique is chosen, surgery typically takes place within 2 weeks of injury. After this, fracture fragments become difficult to manipulate and there is an increase in wound complications to 15.2% compared to 2.1% among those fractures treated within 1 week [15] . Our experience has been that you do not have to wait for skin wrinkles with percutaneous reduction and fixation or with the sinus tarsi approach.
Techniques

Percutaneous Reduction and Fixation
There are a variety of techniques described in order to obtain a percutaneous reduction and fixation. At our institution, we use the technique previously described by Marsh [16] . The patient is placed in the lateral decubitus position with the injured leg up and posterior to the well leg. The leg is placed on a bump, so a true lateral can be obtained without need to manipulate the foot. The C-arm is brought in from the foot of the bed at a 45°angle, and the surgeon is standing posteriorly. Fluoroscopic views, including lateral, Harris axial view, and Broden view, are obtained prior to prepping the patient. This technique does not directly visualize the articular surface, so obtaining appropriate images and interpreting them is imperative.
For tongue type fractures, two parallel Steinman pins are placed from posterior to anterior in the tongue fragment. Plantarly directed pressure is then used to reduce the fragment. Small stab incisions and use of a hemostat near the anterior portion of the tongue fragment may be needed in order to fully reduce. For joint depression cases, a Schanz pin is placed from lateral to medial in the tuberosity. This is then used to manipulate the fragment. A combination of maneuvers will gain length, translate the displaced tuberosity, and correct the varus deformity. Once the tuberosity has been reduced, small stab incisions and a hemostat are used to reduce the articular surface. In both fracture patterns, once satisfactory reduction has been obtained, several k-wires are placed to hold the reduction. Adjuvant reduction aids, such as a femoral distractor and Weber clamp, have been used when reduction is difficult or when no assistants are available (Fig. 1) . Although not used at our institution, arthroscopic assisted reduction has been used to directly verify reduction while maintaining the benefits of decreased wound complications when compared to ORIF [17, 18] .
Fixation is obtained with 3.5 and 4.0 mm solid or cannulated screws (CS) (Fig. 2a, b) . The facet is first fixed to the sustentaculum using partially threaded screws. These can be difficult to place even with intra-operative fluoroscopy. The incidence of intra-articular hardware has been reported as high as 24% [19] . Guidance for starting point, angle for placement into the sustentaculum, and average length has been previously published [19, 20] . Recently, the question has been raised if the sustentaculum is truly constant [21••] . In a review of 212 intra-articular calcaneal fractures, sustentacular fractures were present in 44.3%. Of these, 76.6% were non-displaced, 11.7% were displaced, and 10.6% were comminuted. The sustentaculum tali was subluxed in 20.3% and dislocated in 0.9%. It is imperative to know if the sustentaculum is fractured, subluxed, or dislocated when proceeding with surgical fixation; if it is, the surgeon needs to be prepared with alternative fixation constructs.
After facet fixation, fully threaded screws are placed from the tuberosity into the sustentaculum and anterior calcaneus to hold length and alignment. Finally, if there is a tongue-type fracture, plantarly directed screws are placed. Intra-operative c-arm images are obtained to ensure that screws are in the appropriate position. Some authors do advocate for the use of intra-operative 3-D imaging to assess reduction and screw placement as immediate revision can take place [22, 23] .
In a percutaneous-only fixation series with screws, Tantavisut et al. reviewed their series of 182 intra-articular calcaneal fractures [24•] . The senior author used percutaneous reduction and fixation without any exclusion since 1999. Included were Sanders II (50%), Sanders III (31.5%), and Sanders IV (19.5%) fractures. At 3-month follow-up, there were 1% with superficial infections and a 1% rate of screw irritation. At a minimum of 1-year follow-up, there was a 9.3% rate of screw irritation, 5.5% rate of subtalar arthritis requiring subtalar fusion, 1.8% rate of malunion, and deep infection of 0.8%. Patients (54.5%) reported a residual pain level of 3 or less.
Other series have been published using Kirschner wire or Steinman pin fixation [25] [26] [27] [28] . Wang performed a systematic review and meta-analysis in the Chinese literature comparing percutaneous poking reduction and ORIF. They found a significant decrease in post-operative wound complications in the percutaneous group and no difference in Bohler's angle, angle of Gissane, or functional outcomes when compared to ORIF [25] . Biz 
Sinus Tarsi
Theoretically, the STA does not violate the angiosomes of the lateral hindfoot like the ELA. It also decreases incision length and overall dissection, which should decrease wound healing issues. The STA still allows for direct visualization of the lateral wall, posterior facet, anterolateral fragment, and anterior process to ensure quality reduction [30] . Classically, the STA can be performed with the patients lateral or prone. A 2-4-cm incision is placed over the sinus tarsi. The incision is marked by a line 1 cm below the tip of the fibula to the base of the 4th metatarsal ending at the cuboid [31] . The deep soft tissues are divided carefully to protect the dorsolateral cutaneous (sural) nerve. The extensor digitorum brevis is retracted proximally, and the peroneal tendons are identified and can be retracted plantarly. It is important in the approach to enter the sheath of the peroneal tendons and use a Freer elevator to test the integrity of the superior peroneal retinaculum (SPR) as described by Ketz et al. [32] . If anterior pressure on the Freer causes the peroneal tendons to displace from posterior to lateral on the fibula, then the SPR is disrupted. Repair can easily be performed by extending the STA incision proximally [33] .
To expose the subtalar joint and fracture site, sharp dissection or an elevator can then be used. The lateral capsule and the calcaneal fibular ligament (CFL) are mobilized, and the floor of the sinus tarsi is debrided. The lateral wall can be retracted laterally allowing the posterior facet pieces to be visualized. To reconstruct the posterior facet and correct overall calcaneal alignment, fracture lines are mobilized with a blunt elevator through the primary fracture line all the way through the medial wall of the calcaneus. Other fracture lines are mobilized in the same fashion with fluoroscopic guidance as needed.
At this point, either the joint or the overall calcaneal alignment can be reduced. Deciding what to address first is determined by surgeon's preference and/or fracture characteristics. Frequently, the tuberosity needs to be mobilized and distracted to allow for posterior facet reconstruction. This can be done with Schanz pins, large k-wires, lamina spreaders, or external fixation or distraction devices (applied medially or laterally). Provisional fixation is obtained with k-wires from the posterior tuberosity into the sustentaculum and anterior process. The subtalar joint reconstruction usually proceeds from medial to lateral as the medial fragment is typically stable. If the posterior facet is in multiple pieces, the more lateral fragments can be marked for orientation and then removed to allow visualization for the reduction of the central fragments and subsequently replaced [34] . Provisional fixation is again accomplished with k-wires.
Final fixation can be with screws or a combination of screws and low-profile plates (Fig. 3a, b) [14, 30, 33, 35] . General principles of fixation include lag screw fixation from lateral to medial of the posterior facet fragments to the sustentaculum as described by Phisitkul et al. [19] . To secure the reduction of the tuberosity fragment to the anterior calcaneus, larger fully threaded screws or low-profile plates can be used. Additional support for the joint depression fracture can be in the form of buttress (kickstand) screws from the tuberosity into the subchondral bone of the posterior facet or via plates [14, 30, 35] .
There are no published studies evaluating different postoperative protocols after ORIF via STA. Generally, the incisions are closed in two to three layers with splint immobilization for 2 weeks. The use of a drain is controversial. Sutures are usually retained for 3-4 weeks. Non-weight bearing ROM and strengthening exercises are started at 2 weeks post-op. Weight bearing is initiated from 8 to 12 weeks post-op with progression to activity as tolerated without immobilization generally around 16 weeks after surgery. Table 1 . The benchmarks for clinical and radiographic outcomes differed across studies, but similar conclusions were drawn in all three analyses: the STA is equivalent to the ELA in terms of radiographic and clinical outcomes with a lower incidence of wound complications and potentially a lower incidence of secondary surgeries.
Percutaneous vs ELA Percutaneous reduction and fixation techniques have also been compared to the gold standard ELA with plate fixation. Several RCTs have been published since 2011, and the data recently pooled in a meta-analysis by Fan et al.; the findings are summarized in Table 2 [38] . Like the findings of STA vs ELA, percutaneous reduction and Four of the included studies used the STA with plate fixation, two studies used percutaneous reduction and cannulated screw fixation, one used a MI lateral approach with plate fixation, and one reduction via either the STA or percutaneous reduction with cannulated screw fixation (PR + CS). The results of the pooled data are shown in Table 3 . They show that minimally invasive approaches have lower wound complication rates, improved AOFAS scores especially for Sanders II fractures, lower VAS pain scores on POD 1, shorter time from injury to surgery, shorter duration of surgery, and shorter hospital stay compared to the ELA, with similar radiographic outcomes. found that percutaneous reduction with cannulated screw fixation with calcium sulfate cement (PR + CSC) was superior to minimally invasive sinus tarsi approach and plate fixation (MISTA) with lower complication and infection rates, shorter time to surgery, and duration of surgery. However, MISTA had superior clinical outcomes for Sanders III fractures and better restoration of calcaneal width [41] .
Comparison of MI Techniques
All techniques Few studies have compared more than two techniques for the treatment of DIACFs. Such comparisons may shed light on which patient groups and fracture types may be more suited for specific treatments. There are two recent retrospective reviews that have been published comparing three different treatments for DIACFs. Takasaka et al. reviewed their series of 54 patients treated by random selection with ORIF via ELA with plate fixation, MI with screw fixation, or MI with external fixation [42] . Their results are summarized in Table 5 .
There was no statistical significance found between the groups in terms of clinical or radiographic outcomes. Wound complications and infections were not reported. They concluded that treatment of DIACFs should be individualized Tables 6 and 7 [43] . They concluded better functional outcomes in the operative treatment group but higher rate of adverse outcomes including infections and late interventions. The non-operative treatment group had more issues with shoe wear, hindfoot stiffness, delayed return to work, and a high secondary subtalar fusion rate. In this series, the more invasive operative treatment group had better clinical outcomes with lower rates of complications and secondary surgeries. However, this conclusion should be interpreted with caution as no comparative data was given as to quality of post-operative reduction or restoration of Bohler's angle between the two operative groups which could account for the differences in clinical outcome scores.
Alternative Fixation
External Fixation
External fixation may be used as part of a staged protocol [44, 45] . It is thought that early temporization with improvement in the overall calcaneal alignment may result in less complications after definitive fixation. Ferrell reported in their series of 10 calcaneal fractures treated with a medially based external fixator with tuberosity reduction prior to fixation through a sinus tarsi approach at an average of 4.8 days. In another study, Githens used the medially based external fixator with tuberosity reduction before performing ORIF. The external fixator pins must be carefully placed in order to avoid damage to neurovascular structures. Two cadaveric studies, one for circular frames and one for monolateral frames, were recently published [46, 47] . They found that structures at high risk include the posterior tibial artery, posterior tibial vein, and posterior tibial nerve medially. On the lateral side, lower risk structures for injuries include the small saphenous vein, sural nerve, and the tendons of peroneus longus and brevis. In our experience, the starting point for fine-wire fixation is the medial posterior tuberosity adjacent to the Achilles insertion angling anterolaterally. The second wire is started with two-finger breadths posterior to the sustentaculum and slightly plantar and angled posterolaterally. 
Locked Nailing
Two series were recently published on the use of locked nailing. Zwipp used a STA with locked nailing fixation in 106 patients. They found that 1.9% had wound edge necrosis and 0.9% has infection [48] . At 12-month follow-up, the average AOFAS score was 92.6. Simon used a locked nail with percutaneous reduction in 63 cases and had an average AOFAS score of 85.9 at an average of 12 months [49] . In biomechanical testing, two interlocking nails were compared to a lateral plate and found to have no significant difference in load to failure, stiffness, Bohler's angle, or interfragmentary motion [50] .
Special Populations
Pediatrics There is a paucity of literature regarding the pediatric population [51, 52] . In part, this is a rare injury in the pediatric population and, if there is a fracture, it will likely be non-displaced or minimally displaced. Abdelgawad published a sinus tarsi technique and a two-patient case report. Fixation was accomplished with 3.5-mm cortical screws and both patients had returned to full activity by 3 months postoperatively with no complications. Lu performed a randomized control trial of 50 patients (ages 8-15 years) with DIACFs treated with percutaneous reduction and cannula screw placement vs sinus tarsi approach with plate fixation. There were no baseline differences between the two groups. Functional outcomes did not differ between the two groups. In the percutaneous reduction group, there was shorter operative time (38.0 ± 10.6 vs 66.5 ± 9.5 min), fewer hospital costs, and less incisional pain.
Elderly There were no studies during the last 3 years that looked at minimally invasive procedures in the elderly.
Conclusion
Controversy about the optimal treatment for DIACFs remains. The most recent literature would suggest that operative 
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